A method for the integrated process and solvent design of absorption separation systems is proposed in this work. The method is employed here to improve the energetic performance of a pre-combustion CO 2 absorption capture process by simultaneous optimization of process and solvent variables. In the proposed design method, the discrete nature of solvent molecules is relaxed avoiding the introduction of i nteger variables in the solution of the optimization problem. For this purpose, a molecular-based thermodynamic model, the perturbed-chain polar (PCP-SAFT) equation of state, is used to establish a direct relationship between the process performance and the molecular characteristics of a hypothetical target solvent. Real solvent candidates are selected in a subsequent stage of molecular mapping by assessing substances from a data-base, using a Taylor approximation of the objective function. The simultaneous design method is shown to yield major improvements of the performance of C O 2 absorption processes.
Introduction
Increasing evidence of the effects of anthropogenic activity on global warming and the potential severe impacts of climate change on social and economic development have enhanced the concern of the public and privat e sector on reducing the emissions of g reenhouse gases into the atmosphere [1] . Carbon dioxide (CO 2 ) is the main greenhouse gas emitted to the atmosphere and the energy sector accounts for about a quarter of the total emissions [2] . Economic growth and heavy reliance on fossil fuels are expected to increase the emissions of CO 2 in the next decades [3] . A realistic scenario for a reduction of greenhouse gas emissions has to take into account the existence of actual and future energy related CO 2 sources. Carbon capture and storage (CCS) has emerged as a possible measure for reducing CO 2 emissions to the atmosphere. CCS technologies separate CO 2 from large emissions sources, providing high-purity CO 2 for storage in selected geological sites. Diverse capture technologies have been proposed, but due to their robustness and techni cal maturity CO 2 capture by absorption appears currently as the most probable candidate for large-scale applications. The principal hindrance for implementation is the large energy demanded for solvent regeneration, solvent recirculation and CO 2 compression. Classical CO 2 absorption process es based on monoethanolamine (MEA) reduce the net electrical efficiency of thermal power plants by approximately 30-40% [2] . New solvents and upgraded process configurations are expected to improve this picture by reducing energy losses by 20-30% [4] .
Solvent selection has been classically accomplished by using both, heuristics and experimental studies, representing a costly and time-demanding practice. Computer-aided molecular-design (CAMD) methods have therefore been developed to improve the selection stage using computer simulations tools. CAMD methods generate optimal solvent molecules from the solution of a combinatorial molecular design problem, whereby a given set of structural groups is combined in order to match desired solvent physical properties [5] . Process design is typically addressed only after the solvent has been selected. This classical two-stage approach does not reflect the interdependence between the solvent molecular characteristics and the process performance, thereby inherently restricting the design of separation processes to achieve potentially sub-optimal process performance. Integrated process and molecular design methods are required to overcome this limitation.
For integrated process and solvent design problems, however, CAMD methods are limited by the restricted solvent design space, resulting from the selected set of structural groups, and the ambiguous relation between solvent physical properties and the process performance. Most importantly, the introduction of integer variables leads to the formulation of p rohibitively large-scale mixed-integer nonlinear programming (MINLP) problems. Papadopoulos et al. [6] and Eden et al. [7] proposed improved two-stage CAMD approaches with feedback between solvent candidate generation in a first stage and integrated process design and solvent selection in a second stage. A direct relationship between solvent molecular characteristics and process performance, however, was only achieved recently in the integrated process and solvent design method proposed by Adjiman, Galindo, Jackson and coworkers [8, 9] . In this method, the use of a molecular-based thermodynamic model allows the integrated design o f alkane solvents and gas separation process es.
Full advantages of using a molecular-based thermodynamic model are exploited by the Continuous Molecular Targeting (CoMT) CoMT-CAMD method recently introduced by two of the authors and co-workers [10] . Here, a direct relation between molecular parameters and process performance is established using a physically-based thermodynamic model. For this purpose, the perturbed chain polar statistical associating fluid theory (PCP-SAFT) equation of state is employed. In the CoMT-CAMD method, the introduction of integer variables is avoided by relaxation of the discrete character of molecules. This simplification extends the discrete molecular search space to a continuous region of process and solvent variables. Integrated process and solvent design is achieved by simultaneous optimizing both process conditions and solvent parameters. The resulting optimized molecular parameters do not necessarily correspond to an existing substance and a second stage of molecular mapping is therefore usually performed.
In this work, the CoMT-CAMD method for the integrated design of p rocesses and solvents is extended to improve the energetic performance of a basic C O 2 absorption capture system. Solvent parameters and process conditions are simultaneously optimized reducing the total energy demand compared to a methanol -based reference case.
Methodology

Strategy
Process and solvent design is accomplished following the principles of the CoMT-CAMD method [10] . Based on defined process specifications and constraints, optimal process performance is achieved by simultaneous optimization of the solvent parameters and process conditions in an integrated stage of process and solvent design, as illustrated in Figure 1 . A direct relation between the solvent molecular parameters and the process performance is achieved by a molecular-based thermodynamic model. In the current implementation, solvent candidates are selected from a component database in a subsequent stage. We refer to this stage as 'molecular mapping'. The molecular mapping stage leads to the selection of a solvent and it is carried out by evaluating substances using a Taylor approximation of the objective function at the optimal solution, as
where #f(x*) is the deviation of the Taylor approximation from the objective function at the optimal solution x * , #p 
Optimization
Integrated process and solvent design is stated as a general constrained non-linear optimization problem. The CoMT-CAMD approach allows to treat solvent variables and selected process variables, x, indistinctively and to optimize them simultaneously. The objective function f(x) accounts for the selected process performance and the constraint equations c(x) are constituted by the process specifications and all flowsheet equations required to be solved simultaneously. Variable values are restricted between lower x L and upper x U bounds. We then have, min ( )
The optimization method employed is the interior point algorithm as implemented in the numerical computing environment MATLAB. The optimization yields the molecular parameters of a hypothetical target solvent and the settings for a corresponding capture process.
Thermodynamic model
A molecular-based thermodynamic model, the perturbed-chain polar statistical associating fluid theory (PCP-SAFT) equation of state [11, 12, 13] is employed for the prediction of thermodynamic properties and phase equilibria. This model allows a reliable correlation of the thermodynamic behaviour of a wide range of fluids, including polar and associating substances. The PCP-SAFT equation o f state introduces a coarse-grained description of fluids, depicting molecules as chains of spherical segments. Thermodynamic properties are derived from the residual Helmholtz free energy A res , as
hard-chain dispersion association polar In this study, properties of mixtures are calculated from the properties of pure components using combining rules. No mixture parameters are included. Furthermore, polar contributions are not considered in this work but they can be readily integrated as shown in [10] .
Optimization of solvent parameters requires additional information about the solvent molecular mass (MM) and the solvent ideal gas heat capacity. The molecular mass is required to transform mass-based property values in the PCP-SAFT equation of state to molar-based properties. The molecular mass of the hypothetical solvent is calculated by thermodynamic model. For molecules of various homologous series, the linear relation is less accurate but errors introduced by the approximation are only moderate. In the absence of a model that allows the prediction of the ideal gas heat capacity of the solvent from PCP-SAFT parameters, we assume the ideal gas heat capacity to be that of the reference fluid, methanol.
Integrated process and solvent design
Reference case
Methanol is one of the most extensively employed solvents for the removal of carbon dioxide from gaseous streams. In a commercial process known as Rectisol ® (Lurgi A.G.), acid gases, such as hydrogen sulfide and carbon dioxide, are removed from gaseous streams by physical absorption at low temperatures (-40 ºC) and high pressures (2.7-7.8 MPa) [18] . One important potential application of the Rectisol ® process is the removal of CO 2 from shifted synthesis gas (which consists mainly of hydrogen and CO 2 ) in integrated gasification combined cycle (IGCC) power-plants. Removal of CO 2 from IGCC power-plants for carbon capture purposes is known as pre-combustion capture. A basic process configuration (flowsheet) with the essential units operations required for pre-combustion capture is shown in Figure 4 . The flowsheet comprises an absorption column (A) for the removal of CO 2 from the feed stream to produce a purified gas stream, a fl ash vessel (F) used to release the absorbed CO 2 and thereby regenerating the solvent, a pump (P) required for the recirculation of the solvent, a mixer (M) for the addition of the solvent makeup to the system, and a compressor (C) to increase the pressure of the separated CO 2 to storage conditions. On the basis of this basic process configuration, a reference case for studies on integrated process and solvent design is established. Process conditions for the reference case are summarized in Table 1 . The flowsheet model, given by all mass and energy balances, is implemented in a MATLAB program. The thermodynamic model is coded as a separated FORTRAN routine and which is accessed by the MATLAB model via a COM server. Whenever possible, flowsheet equations are solved by substitution, thus leaving all recycle streams to be solved simultaneously. These recycle streams are the solvent recycle stream as well as the internal recirculation streams between equilibrium stages in the absorber. In this study, the total energy requirement is considered as the objective function f(x ) (in equation. (2)) to be minimized. Energy is required for the compressor and pump work, and for the heat stream in the flash. In order to establish a common parameter for comparison purposes, the energetic performance is in fact fo rmulated as an exergy function. The total exergy demand E T is defined as the process performance f(x). This accounts for the compressor work W C , the pump work W P , and the exergy of the heat stream Q F in the flash.
T ref is the reference temperature, 298.15 K. Cooling is not considered in the objective function. For the reference case, the energetic performance results in a total exergy demand of 210 MW.
Process and solvent design
The solvent molecular parameters and the flash pressure are the variables considered for improving the design of the reference process. In addition we also optimize the flash pressure separately. Table 2 shows the optimization results for the reference case, optimization of the flash pressure and the integrated process and solvent design. The reference case and the optimization of the fl ash pressure employ the molecular parameters of methanol as the reference solvent. In the process solvent design case, the fl ash pressure and the solvent molecular parameters are optimized simultaneously. The design o f an optimal solvent drastically improves the energetic performance of the separation process. Optimization of the fl ash pressure alone also leads to a large improvement but lower than the obtained through solvent design.
In the process and solvent design case, the solvent molecular parameters for an optimal but still hypothetical solvent were obtained. The flash pressure stayed at the lower bound condition (0.101 MPa), indicating that a reduction would be beneficial for the energy requirement. This result can be explained by the effect that the flash pressure has on the compressor and pump work. A lower pressure in the flash vessel increases the amount of CO 2 released from the solvent, therefore, reducing the load of CO 2 in the solvent stream recycled to the absorber and the amount of solvent that has to be recycled to the absorber. This effect reduces the pump work. On the other side, a lower flash pressure increases the compressor work, but, in this specific study, this effect has a lower impact on the total energy demand than the previous one. Further optimization considering the polar interactions did not decrease the objective function.
Using the optimized parameters of the hypothetical target solvent, solvent candidates were searched from the available published PCP-SAFT database using the Taylor approximation of the objective function at the optimal solution, equation (1) . The exergy requirement for the two solvent candidates with the smallest deviation from the objective function is shown in Table 3 . The exergy requirement for the two solvent candidates with the smallest deviation from the objective function is shown in Table 3 . Even though the extent of the database employed in this work was still very limited, the suggested approach allows identifying solvents that decrease energy consumption by more than 20% compared to the commercial reference case.
Conclusions
The framework for an integrated process and solvent design method for absorption separation systems is established herein. In a basic CO 2 absorption capture process, major improvements of the energetic performance are achieved by optimizing process conditions and solvent parameters. It is demonstrated that the suggested design approach provides a systematic means to identify novel solvent structures that have maximum impact on processlevel objectives such as energy or cost. Simultaneous process and solvent design has the potential of achieving signi ficant, non-incremental improvements in the performance of CO 2 absorption capture systems. For this purpose, the presented CoMT-CAMD approach will be applied to more realistic process configurations in future work.
